The mechanism of the formation of a self-aligned hydroxyapatite (HAP) nanocrystallite structure was examined. It is found that the highly ordered HAP nanocrystallite assembly is attributed to the so-called self-(homo)epitaxial nucleation and growth. On the other hand, according to this mechanism, a high supersaturation will give rise to a random assembly of HAP crystallites. The effects of ions, biosubstrate, and supersaturation on the micro/nanostructure correlation between substrate and biominerals as well as their implications in hard tissue formation were examined. Surprisingly, some biomolecules are found to be able to suppress the supersaturation-driven interfacial structure mismatch and hence promote the well aligned HAP pattern formation.
The mechanism of the formation of a self-aligned hydroxyapatite (HAP) nanocrystallite structure was examined. It is found that the highly ordered HAP nanocrystallite assembly is attributed to the so-called self-(homo)epitaxial nucleation and growth. On the other hand, according to this mechanism, a high supersaturation will give rise to a random assembly of HAP crystallites. The effects of ions, biosubstrate, and supersaturation on the micro/nanostructure correlation between substrate and biominerals as well as their implications in hard tissue formation were examined. Surprisingly, some biomolecules are found to be able to suppress the supersaturation-driven interfacial structure mismatch and hence promote the well aligned HAP pattern formation.
The biomineralization of compounds such as hydroxyapatite (HAP), 1 Ca 5 (PO 4 ) 3 (OH), and CaCO 3 plays a vital role in our life and the environment around us (1) (2) (3) (4) . HAP is the key component of teeth and bones. Many hard tissues consist of well organized and assembled aggregates of biomineral nanocrystallites. Such self-organized and assembled biomineral aggregates possess properties far superior to those of the single crystals alone. For instance, human teeth mainly consist of well aligned and compact HAP crystals, which provide high hardness and elasticity, whereas the HAP crystals of the bones are less well ordered (5, 6) . Evidently, differently assembled structures among biominerals and organic substrates acquire different elastic and mechanical properties. However, the mechanism of forming these mineral structures in biological systems is not yet clear.
Previous studies of biomineralization imply that nucleation plays an important part in the pattern formation of biomineral nanocrystallites through the mediating role of many organic and inorganic substrates or particles (7) (8) (9) . The occurrence of these additives not only determines the crystallization process but also has a significant impact on the size, shape, aggregation pattern, and properties of the materials. Thus, a fundamental understanding of the mechanism of nucleation is essential for the methods of engineering of micro/nanostructures of materials applicable across a broad spectrum of materials-based technologies, having significant implications for life sciences. Although many authors, aware of the importance of proteins or biomolecules in the biomineralization of organisms, put forward some global nucleation models and concepts that elucidate the formation of high order organization based on aggregation-mediated processes (10), they do not give detailed insight into the pathways and rigorous concepts. To understand the precise mechanism is still a difficult task, in particular, the kinetics of nucleation. Our experiments show that biopolymeric molecules facilitate the alignment of a well ordered assembly of HAP crystallites by changing the kinetics of self-epitaxial nucleation of daughter (or secondary) HAP crystals, which nucleate and grow on the surface of existing (parent) HAP crystallites.
In this work, we examine the mechanism controlling the pattern formation of nanocrystallites, in particular, the formation of synergistic alignment of HAP under various conditions. We focus on the nucleation and the synergistic structure formation of HAP in a so-called body fluid to reach an understanding of the process of biomineralization. In connection with the obtained results, we study the templating effect of the substrate and the newly identified supersaturation-driven interfacial structure mismatch effect as well as their implications on the ordered pattern formation. It has been noted that many biomolecules, especially proteins, exert a strong impact on biomineral assemblies. In this work, we also examine and analyze how some of these molecules influence the HAP nanocrystallite self-alignment.
Model of Heterogeneous Nucleation-As the first step, the formation of biomineralization, nucleation, and particularly heterogeneous nucleation plays an important role in building up a complex structure. Thus, it is necessary to establish a quantitative description of nucleation. According to classical nucleation theory, nucleation is a process of creating nuclei with a size larger than the critical size. This is associated with a process of overcoming the nucleation barrier as controlled by the fluctuation and growth of crystalline clusters. Because foreign bodies, such as microclusters, macromolecules, and biomembranes, occur inevitably in biological systems, in most cases nucleation has a heterogeneous rather than a homogeneous nature (11) . In the following discussion, we examine HAP nucleation based on a newly developed model (12) .
The supersaturation is the source of a driving force for biomineralization and can be defined according to thermodynamics (13) where c i represents the concentration of the i th ion and z i represents the ion charge. The calculation of the activity coefficient ␥ by the Debye-Huckel Law is subject to some limitations because of the point charge assumption made in that law. An estimation using this law is reliable only for extremely dilute solutions, and therefore, it can only be applied at low ionic strength. However, in the extended Debye-Huckel theory (15) , not only is the ion size taken into account by incorporating the mean effective diameter of the hydrated ions but also the temperature and the solvent effect are taken into account, resulting in improved accuracy of the prediction. Therefore, the following expression of the activity is applicable for solutions having much higher ionic strength, especially for the multiionic systems as shown in Equation 4 ,
where ␣ is the hydrated ionic radius. So the activity of the ions can be obtained using the Equation 5 .
Nucleation, being the first step of biomineralization, means overcoming a free energy barrier, the so-called nucleation barrier (⌬G*) at a given thermodynamic driving force ⌬ (14), resulting in an increase in the size of a crystalline cluster. It is found that nucleation normally consists of a number of heterogeneous nucleation processes if the interfacial free energy between the crystal and the fluid phases is not too low (16 -18) . Because the association between the substrate and the biominerals is largely determined by heterogeneous nucleation, we examine in the following analysis the impact of the nucleation on the kinetics and the formation of the self-organized structure of biomineral aggregates. Taking into account the effect of the substrate on both the nucleation barrier and the transport process, the nucleation induction is given according to the model (12, 19) as shown in Equation 6 ,
with Equation 7 ,
and Equations 8 and 9,
where R s and N 0 are the radius and the density of the substrates respectively, B is the kinetic constant, ⌬G* homo is the homogeneous nucleation barrier, ␥ cf is the specific interfacial free energy between the crystals and the mother phase, and ⍀ is the volume of the growth units. In Equations 6 -9, m depends on the interaction and (statistical) interfacial structural match between the crystalline phase and the foreign bodies and is expressed as a function of the interfacial free energies among the different phases as shown in Equation 10 .
Here, ␥ sf , ␥ sc , and ␥ cf correspond to the interfacial tension between substrate and fluid, crystal and substrate, and crystal and fluid, respectively. In the presence of the substrates, the nucleation barrier assumes the form (12) in Equation 11 ,
where f (m) is a factor describing the lowering of the nucleation barrier ⌬G* because of the occurrence of foreign bodies. Substituting the appropriate values of m, ␥ cf , and ⌬ into Equations 7-11, we can calculate ⌬G* heter and, correspondingly, the specific f (m) for any nucleation process. Notice that the factor f (m) varies from 1 to 0. Obviously, this factor plays an important role in the determination of the heterogeneous nucleation barrier, ⌬G* heter . The influence of foreign particles, such as dust particles, proteins, or even existing HAP crystallites, on the nucleation barrier and the association between the nucleating phase and the substrate can be fully characterized by this factor.
To describe the kinetics of nucleation, one of the most common ways is to measure the induction time (t s ) of nucleation at different supersaturations. By definition (12) , the nucleation rate J can be expressed as Equation 12 ,
where V is the volume of the system. It then follows from Equation 6 that Equation 13 ,
where ϭ 16␥ cf 3 ⍀ 2 /3(kT) 3 , will remain constant under a given condition.
Interfacial Structure Match and Mismatch-Concerning the effect of a foreign body, most theories published so far mainly focus on the influence on the nucleation barrier (13, 20 -23) . Actually, the occurrence of a foreign body will not only lower the nucleation barrier but also affect the transport of growth units to the surface of the crystalline clusters. As shown in Fig.  1 , in the case of homogeneous nucleation, the growth units can be incorporated into the nucleus from all directions. However, nucleation on a foreign particle will cause a reduction in the "effective surface" of the nucleus where the growth units are incorporated into the nucleus. This tends to slow down the nucleation kinetics, which cancels the effect of lowering the nucleation barrier. As a result, these will exert a direct impact on the formation of self-organized aggregates mediated by nucleation and can be described by the interfacial correlation factor f (m) and f Љ(m) in the pre-exponential factor of Equation 6 . According to Equation 10 , m is directly associated with ␥ cs , which depends on the interaction and structural match between the nucleating phase and the substrate. For a given crystalline phase and substrate, the optimal structural match at crystallographic orientation (hkl) corresponds to the strongest average interaction or the lowest interfacial energy difference, i.e. the (minimal) cusp in the ␥-plot ( Fig. 2A ). In the neighborhood of the minimal specific interfacial free energy, ␥ cs (␣) and corresponding m are given (24) in Equations 14 and 15,
where ␣ is the misorientation angle, ⑀ is elastic modulus, and p and b are the Poisson constant and Burgers vector, respectively. In general, the interfacial structure match between the crystalline phase and the substrate changes from a completely correlated and ordered state to a completely uncorrelated and disordered mismatch state as m varies from 1 to Ϫ1. For instance, an excellent structural match (␥ cs (␣) 3 0 or m 3 1) implies that ⌬G* heter vanishes almost completely. This occurs only when the growing crystals are well oriented and ordered with respect to the structure of the substrate. Whereas, in the case of m 3 Ϫ1, the substrate exerts almost no influence on the nucleation, the nucleation is controlled by the kinetics of homogeneous nucleation, which results in the nuclei emerging as disordered. Due to the anisotropy of the crystalline phase, the available ␥ cs (␣) or m values should be a discrete set of values. Therefore, when the structural match deviates from the optimal structural match position, a secondary optimal structural match will be adopted. According to Equation 15 with the deviation far from the optimal structural match, m will shift from m ϭ 1 to a lower value, e.g. m 2 (cf. Fig. 2, B and C) .
Kinetic Effect of Supersaturation and Substrate on Structure Correlation-Because for the crystalline phase m and f (m) take on only those values corresponding to some crystallographically preferred orientations, we should obtain a set of intercepting straight lines from the lnt s versus 1/[ln(1 ϩ )] 2 plot according to Equation 13 (cf. Fig. 3A ). These lines with different slopes f (m) in different regimes indicate that nucleation is governed by a sequence of progressive heterogeneous processes. According to Fig. 3A , the change of f (m) can also be described using Fig. 3B . With increasing supersaturation, the interfacial correlation factor subsequently increases from f (m 1 ) to f (m 2 ), because is the constant for a given nucleation system. This finding unambiguously implies that an increase in supersaturation tends to drive the interfacial structure correlation between substrates and biominerals from a match state to a mismatch state (Fig. 2C) .
Apart from supersaturation, the role of the substrate is another important factor that influences the interfacial properties. Although the occurrence of a substrate will promote nucleation by providing templating, it will also exert a negative impact on the surface integration. As mentioned before, nucleation on a substrate will reduce the effective collision of structural units to the surface of clusters, which slows down the nucleation kinetics. These two contradictory effects play different roles in different regimes. At low supersaturations where the nucleation barrier is very high, heterogeneous nucleation with an optimal structural match between the crystalline phase and the substrate will be kinetically favored. In this case, the nucleation of crystalline materials will be best templated by substrates. However, at higher supersaturations where the nucleation barrier becomes less important, instead of the nucleation barrier it is the effective collisions described by the factors f (m) and f Љ (m) that dominate in controlling the kinetics. Thus, nucleation on substrates with larger f (m) and f Љ (m) will be favored and lead to a mismatch structure.
As mentioned above, the templating of a substrate and the supersaturation-driven interfacial structure mismatch are two effects playing opposing roles in nucleation. Thus, we can fabricate and engineer the complex structures of functional materials on the micro/nano scale by carefully adjusting these two effects.
EXPERIMENTAL PROCEDURES
In our experiments, we examine the kinetics of HAP nucleation and the effects of additives and supersaturation on structure correlation from the prepared solutions using a dynamic light-scattering system (BI-200SM, Brookhaven Instruments Corporation) with a He-Ne laser (632.8 nm) source and a photomultiplier tube detector. This can be achieved by measuring the induction time, t s , of nucleation at different supersaturations (12) .
To mimic the kinetics of the biomineralization process in the human body, the nucleation of HAP was carried out in a so-called body fluid. The supersaturated aqueous solutions were prepared to simulate physiological conditions according to which the ionic concentrations in solutions such as Na ϩ , Ca 2ϩ , K ϩ , Cl Ϫ , and HPO 4 2Ϫ are similar to the physiological concentrations in the body fluid (25) . Because there are many components (including inorganic ions and organic matrices) that play different roles in biomineralization, we studied some of their effects separately. In the nucleation kinetics experiments of HAP, we first prepared two solutions with a mole ratio 1.67 of calcium/phosphorus by dissolving reagent-grade CaCl 2 ⅐2H 2 O and K 2 HPO 4 ⅐3H 2 O in deionized water. The reaction equation for hydroxyapatite is as indicated in Reaction 1.
After determining the range of concentrations at which t s could be detected, a series of concentrations of two solutions was prepared by gradually diluting the original solutions. Both kinds of solutions then were injected through filters (200 nm) into a rectangular glass cell to examine the kinetics by dynamic light scattering at room temperature. Subsequently, we studied the effect of some foreign agents on the nucleation and the aggregation of HAP because there are many other compositions such as salts, glycans, and proteins in the body fluid. We examined the kinetics of HAP from the prepared solutions with 140 mM NaCl, 100 mg/liter lysozyme (Sigma), 10 mg/liter chondroitin sulfate (Sigma), 5 mg/liter phosvitin (Sigma), and 1 mg/liter type I collagen (Sigma), respectively. To guarantee the accuracy of the data before carrying out the experiments, the nucleation vessels were cleaned properly and the solutions were filtrated several times by filters with a pore According to our model, to mimic the self-organized structure of hard tissue, we also studied the formation of the self-alignment of HAP crystallite aggregates under different conditions. We obtained a series of HAP precipitates from the solutions with different supersaturations and additives. To confirm the crystal phases of the samples prepared under such conditions, x-ray diffraction analyses were carried out and the obtained x-ray diffraction patterns matched those of HAP crystals from the Joint Committee on Powder Diffraction Standards powder diffraction data base (Fig. 4) . This implies that HAP is the only stable calcium phosphate compound under normal physiological conditions because of the lowest solubility product among calcium phosphate phases (26, 27) . The microstructure of HAP aggregates was observed using a scanning electron microscope (JSM-6700F, JEOL) after coating with platinum to increase the conductivity.
RESULTS AND DISCUSSION
Kinetic Effect of Supersaturation and Substrate on Biomineralization-In our experiments, concrete evidence supporting the above analyses can be identified from the ln(t s ) versus 1/[ln(1 ϩ)] 2 plot. To examine the influence of the supersaturation and the substrate on the kinetics and the structure correlation between HAP crystallites, the ln(t s ) versus 1/[ln(1 ϩ)] 2 plots were constructed for HAP nucleation from different systems as presented in Fig. 5 . According to Equation 13 , for a given system ( and B ϭ constant), we can analyze the change of the structure correlation between the substrate and the crystalline phase in terms of the variation of the slope. As shown in Fig. 5A , the depicted curve 1 (nucleation from the solution without additives) can in principle be fit by two intersecting straight lines with different slopes, which divides the supersaturation space into two regimes at * ϭ 1.54 ϫ 10 14 . This indicates that the nucleation is controlled by two discrete values of f q(m) within the corresponding regimes. As the supersaturation increases from regime I to II, f (m) will subsequently increase from 1.05 ϫ 10 5 / to 2.10 ϫ 10 5 / (cf. Fig. 5C, curve 1) . This implies that the structural match between the substrate and the nucleating crystallites becomes poor as supersaturation increases. This observation is in good agreement with the predicted changes shown in Fig. 3 (supersaturation-driven interfacial structure mismatch) (28) .
Our experiments also show a similar result for HAP nucleation from solutions containing Na ϩ and Cl Ϫ ions (C NaCl ϭ 140 mM) (cf. Fig. 5A, curve 2 ). An obvious difference is that the slopes of curve 2 (2.89 ϫ 10 4 in regime I and 4.13 ϫ 10 4 in regime II) are much smaller than those of curve 1 within the given range of supersaturation. In this case, although the concentrations of CaCl 2 and K 2 HPO 4 increase much in the solutions with NaCl, the activities of Ca 2ϩ and PO 4 3Ϫ will not change much because of the buffering effect of additive ions, which can influence the activity coefficients by changing the ionic strength. This finding implies that the accumulation of supersaturation of HAP for nucleation in a biosystem will be buffered because of the high concentration of other ions. It follows that the effect of the supersaturation-driven interfacial mismatch can be suppressed to some extent by increasing the ion strength.
In nature, biomineralization is a highly complex process and involves a large number of components, which serve as "regulating" agents in controlling the shape and the crystallite assembly of biominerals. As mentioned before, this is a growing area especially in the field of materials engineering where the effective control of the nucleation process is essential. Here, we investigated the effect of four biopolymeric additives: chondroitin sulfate; collagen; phosvitin; and lysozyme. Among them, chondroitin sulfate is one of the glycosaminoglycans, which comprise the extracellular matrix of cartilage and bone and can provide a nucleation site (8, 9, 29) . Phosvintin is one type of phosphoprotein, which is thought to play a primary role in the biomineralization of HAP on the collageneous matrix of bone and dentin (30, 31) . The roles of collagen in the nucleation of HAP during the bone formation process have also been clarified through the work of Glimcher (32) . Thus, the influence of these biomolecules on the nucleation kinetics was examined and the results are given by Fig. 5B and Table I. As illustrated in Fig. 5 , B and C, the main characteristics of HAP nucleation in such solutions are similar to those in solutions without additives and are also in good agreement with our nucleation model. However, because of the adsorption of additives on the surface of the substrate, the four curves cor- 2 for nucleation. Within the range of supersaturations, two fitted lines with different slopes intercept each other, dividing the space into two regimes. B, supersaturation-driven interfacial structure mismatch. With the increase of supersaturation, the interfacial correlation factor f (m) will increase abruptly at a certain supersaturation corresponding to the transition from an orderly and matched structure to a less orderly and mismatched structure of crystal/substrate interface.
responding to the nucleation of HAP crystals under the effect of these additives exhibit a decrease in the slopes as compared with the controlled sample ( Table I ). The slope of the corresponding straight line in curve 1 (1.05 ϫ 10 5 ) is much higher than that in sets 2-5 (8.34 ϫ 10 4 , 3.27 ϫ 10 4 , 3.95 ϫ 10 4 , and 3.97 ϫ 10 4 , respectively) within regime I. In particular, for phosvitin, the slope of the line shows a decrease of 70%. This effect can also be clearly described by the factor f (m) in Fig. 5C . Because the factor f (m) plays an important role in the determination of the heterogeneous nucleation barrier (cf. Equation 11), these results confirm that the additives will lower the nucleation barrier of HAP by improving the structural match between the nucleating HAP and the substrate, especially at low supersaturations. Apart from this finding, the transition f (m 1 ) 3 f (m 2 ) occurs at * as the supersaturation increases. According to our model, such a transition corresponds to the supersaturation-driven structure mismatch and actually provides a very narrow parameter window for us to achieve perfect HAP alignment. A large * corresponds to a large regime I, implying that good HAP alignment will be achieved in a wider range of supersaturations. As shown in Table I , solutions with additives expand the range of regime I. This implies that these organic additives suppress the supersaturation-driven structure mismatch occurring in a HAP assembly in a wide range of supersaturations. This structural alignment transition effect has never been recognized before and, evidently, is extremely important in engineering biomaterials with self-assembled structures. In addition, the corresponding ln(t s ) versus 1/[ln(1 ϩ )] 2 plots of curves 2-5 shift further upward than curve 1, meaning that the nucleation induction time in these systems is longer than in a system with the usual random foreign particles. From the viewpoint of kinetics, this nucleation induction time is mainly caused by the effect of additives on the transport of growth units to the surface of the crystalline clusters because of collision, adsorption, and desorption, although these additives can lower the nucleation barrier. For instance, the adsorbed additives on the surface of a crystalline cluster have to be desorbed first before the growth units can be incorporated into the crystalline phase at the kink sites. Therefore, the above results indicate that, although these proteins and glycans slow down the nucleation process, they can improve the structural match among HAP crystallite aggregates. This was verified by our experiments as shown in Fig. 9 as discussed below.
Self-epitaxial Nucleation-mediated Assembly-As mentioned at the beginning, the formation of the self-aligned biomineral crystallite aggregation has attracted considerable attention because of its importance in life sciences. For instance, dental enamel mainly consists of enamel rods. Within the rods, minute HAP crystallites are tightly packed and well aligned (Fig.  6A) , resulting in the toughness of teeth. As far as the formation of this crystallite aggregation is concerned, it is believed (33-35) that the formation takes place via the interaction between crystalline surfaces with unlikely surface charges or sintering processes (cf. Fig. 6B, process I) . Nevertheless, such a process normally leads to a random aggregation with transient and weak contacts among the crystallites. As shown in Fig. 6A , enamels consisting of well aligned and intercorrelated HAP crystallite aggregates are extremely unlikely to form via this 6 . A, self-organized structure of human tooth. The HAP biominerals are well ordered and aligned. B, models of pattern formation. Model I, the HAP crystallites in proximity aggregate with different orientations; model II, a daughter crystallite nucleates and grows parallel on the lateral face of parent crystallite.
process. Based on perfect alignment and strong bonding between HAP crystallites, we propose a self-(homo)epitaxial nucleation-mediated assembly mechanism to describe the HAP crystallite alignment in hard tissues. As is illustrated by Fig.  6B , process II, the self-aligned HAP aggregates are formed when new daughter HAP crystallites epitaxially grow at the actual surface of the parent HAP crystallites (12) . In this process, the parent HAP crystallites serve as substrates for the self-epitaxial nucleation and growth of the daughter HAP crystallites; therefore, the alignment and structure correlation between parent and daughter crystallites are excellent.
Because the self-epitaxial nucleation is actually a special type of heterogeneous nucleation, here we discuss its effect on the formation of structure patterns for a HAP assembly under different conditions. Similarly, to normal heterogeneous nucleation and growth, the kinetics of self-epitaxial nucleation and growth depends on the supersaturation on the surface of the growing crystal, which increases monotonically with bulk supersaturation. At low supersaturations (cf. Fig. 7 , regime A) due to a high ⌬G* mis , it is difficult for self-epitaxial nucleation with a large mismatch angle to occur and for single crystals to grow normally.
As illustrated in Fig. 7 , self-epitaxial nucleation can only take place on a growing crystal surface when the surface supersaturation is larger than a critical value c . With the increase of supersaturation, the barrier of mismatch nucleation, ⌬G* mis , will drop rapidly (cf. Equation 6), and the interface structural match between the substrate and the nucleating phase will deviate from the optimal crystallographic structural match position (cf. Fig. 2 ). At relatively low supersaturations in regime B of Fig. 7 , those side faces with slow surface integration kinetics have higher surface supersaturations and trigger easily the well aligned epitaxial nucleation and growth. Typical crystallite patterns are illustrated in Fig. 7 . At high supersaturations, the requirement of the structural match between the daughter biominerals and the substrates becomes less strict because of a sharp drop in ⌬G* mis . Self-epitaxial nucleation takes place much more easily, resulting in a severe structure mismatch. In this case, crystallite patterns will be open randomly and highly branched.
HAP Structure Match under Influence of Supersaturarion and Substrate-On the basis of the above kinetics experiments and analysis, further experiments were carried out to mimic the "assembly" of HAP crystallites and examine the self-epitaxial nucleation-mediated assembly and the supersaturationdriven structure mismatch. Fig. 8 shows HAP crystallites (without additives) obtained from different supersaturations in regimes I and II (cf. Fig. 5A ). As demonstrated by our experiments (Fig. 8A) , HAP crystallites occurred at very low supersaturations (in regime I) and they showed well defined prism shapes. The reason is that the experimental condition by which HAP was prepared (meaning the high self-epitaxial nucleation barrier involved) is only suited for single crystal growth and the formation of a well defined HAP assembly. When the supersaturation increases in regime I, we obtained a crystallite assembly with a compact and orderly structure (Fig. 8B) . Some small HAP crystallites grow parallel to the prism faces of large crystallites or have a small-angle crystallographic mismatch. In this case, as the supersaturation increases, the barrier of selfepitaxial nucleation will drop rapidly. Those prism faces of HAP crystals possess the slowest growth rate due to slow surface kinetics, which leads to the highest surface supersaturation. Therefore, self-epitaxial nucleation and growth will occur primarily on the prism faces. The crystallization of HAP mediated by this self-epitaxial nucleation will lead to an orderly structure. This also implies that, under such a condition, hard tissues resulting from biomineralization could become tough and compact. As the surface supersaturation increases further (in regime II), we obtained a very randomly oriented and porous HAP crystallite assembly (Fig. 8C) . This is because the kinetics is dominated by the self-epitaxial nucleation of a poor structural match at a relatively high supersaturation. It follows that the orientation selection becomes less strict and that the degree of the randomness of the assembly increases (cf. Fig. 2) . Therefore, the crystallization process in this case leads to an open and porous structure as predicted in Fig. 7 and then we may obtain porous and brittle tissues. From the above analysis, all of these structure patterns obtained are in good agreement with the predicted structures (Fig. 7) , implying that the model of self-epitaxial nucleation-mediated assembly is applicable to this system.
Although it is clear that the formation of the biomineral nanocrystallites from biological fluids can be interpreted in terms of physical quantities such as supersaturation, the role of the organic constituents in mediating the process of mineralization is a problem of great importance. The adsorption of impurities (such as proteins) can also influence the interfacial structural match between the nucleating HAP crystallites and the parent crystal surfaces. In the case of nucleation promotion, the adsorption of additives will give rise to a strong interaction and a good structural match between substrate and biominerals (a smaller f). Conversely, it leads to the repulsion and interfacial structure mismatch (a larger f), which corresponds to a rise in the nucleation barrier. Our experiments show that organic additives facilitate the structural match between daughter HAP crystals and the substrate (Fig. 5 and Table I ). Apart from this, the rate of surface integration is significantly reduced due to adsorption of additives on the surface of a growing crystal, which gives rise to a high surface supersaturation. Thus, a self-epitaxial nucleation-mediated assembly may be triggered.
To elucidate and mimic the structure match of hard tissues, we synthesized HAP crystallite assemblies under different conditions. Because of the specific structure of chondroitin sulfate, we selected it as an additive to form self-aligned HAP. Chondroitin sulfate is composed of repeating disaccharide units, and each unit contains a sulfate group and a carboxylate group. The combination of these two functional groups provides a high density of negative charge and facilitates the nucleation of HAP by binding with Ca 2ϩ (8, 9) . In addition, chondroitin sulfates, as the main glycosaminoglycans of tissue and proteoglycans, are present at the early stages of bone and tooth FIG. 7 . Illustration of self-epitaxial nucleation and growth. Regime A, normal single crystal growth. This normally occurs at relatively low supersaturations. Regime B, well aligned self-epitaxial nucleation and growth on the prism face of the crystal, resulting in small-angle self-epitaxial mismatch. This normally occurs at low supersaturations. At high supersaturations, self-epitaxial nucleation and growth result in wide-angle self-epitaxial branching.
formation and can also promote the healing of bones (36) . Fig. 9A shows HAP crystals obtained from an aqueous solution without additives. In this case the crystallites in the biomineral aggregates have random orientations. This is because nucleation occurs randomly in the bulk of the fluid phase, which will significantly reduce the adherence and the structure synergy between the substrates and biominerals. On the other hand, self-organized and compact HAP crystallites were obtained in the presence of chondroitin sulfate (Fig. 9B) . According to the results of kinetic experiments, this is because the adsorption of the additive gives rise to a strong interaction and a good structural match between substrate and HAP. Due to this templating effect on nucleation, large numbers of HAP nanocrystallites were observed with the crystallographic c axis aligned preferentially in the clusters. This is also in agreement with the analysis of molecular structures. According to x-ray diffraction crystallographic studies (37) , the space group of chondroitin sulfate is P3 2 21 with unit cell dimensions of a ϭ b ϭ 1.45 nm, c ϭ 2.83 nm. The repeat length per disaccharide is 0.95 nm. Because the functional groups that give the chondroitin sulfate a strong negative charge can provide nucleation sites by binding with Ca 2ϩ , the distance between the adjacent sulfate (or carboxyl) groups is also 0.95 nm. The space group of HAP is P6 3 /m, and the distance between the adjacent calcium ions is d Ca ϭ 0.34 nm along the c axis (38) . The distance between the functional groups in chondroitin sulfate is approximately three times distance, d Ca , and the symmetries of their molecules are similar. This complete analysis suggests that there is a perfect crystal lattice match between the structure of chondroitin sulfate and HAP, which results in the self-assembly phenomenon that the c axes of HAP nanocrystals are aligned parallel to the long axis direction of chondroitin sulfate that is adsorbed on the substrate. In this case, the adherence of biominerals to the substrates will be strong and the structure of the hard tissue resulting from biomineralization under such a condition will lead to an orderly tough and compact structure.
In summary, we investigated the kinetics and the effects of biopolymers on biomineralization based on a newly developed nucleation model. The templating effect of parent HAP crystals plays an important role in the formation of an orderly HAP crystallite assembly due to the mediation of self-epitaxial nucleation. The supersaturation-driven interfacial structure mismatch is found to diminish the ordering of the HAP crystallite assembly. This means that too high a supersaturation will lead to a disordered HAP crystallite assembly. It follows from our experiments that biopolymers, and, in particular, chondroitin sulfate are capable of suppressing the supersaturation-driven structure mismatch so as to facilitate the formation of a well aligned HAP crystallite assembly. The above results are expected to provide us with a guideline for self-organized hard tissue engineering. Fig. 5A ). The crystallites show well defined crystal shapes. B, compact HAP crystallite aggregates obtained from a relatively high supersaturation in regime I. C, open and porous HAP crystallite aggregates obtained from a high supersaturation in regime II (cf. Fig. 5A) . Scale bars ϭ 500 nm.
